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Oscillatory growth of pollen tubes has been correlated with oscillatory influxes of the cations Ca

 

2

 

�

 

, H

 

�

 

, and K

 

�

 

. Using
an ion-specific vibrating probe, a new circuit was identified that involves oscillatory efflux of the anion Cl

 

�

 

 at the apex

 

and steady influx along the tube starting at 12 

 

�

 

m distal to the tip. This spatial coupling of influx and efflux sites pre-
dicts that a vectorial flux of Cl

 

�

 

 ion traverses the apical region. The Cl

 

�

 

 channel blockers 4,4

 

�

 

-diisothiocyanatostilbene-

 

2,2

 

�

 

-disulfonic acid (DIDS) and 5-nitro-2-(3-phenylpropylamino)benzoic acid completely inhibited tobacco pollen tube

 

growth at 80 and 20 

 

�

 

M, respectively. Cl

 

�

 

 channel blockers also induced increases in apical cell volume. The apical 50

 

�

 

m of untreated pollen tubes had a mean cell volume of 3905 

 

�

 

 75 

 

�

 

m

 

3

 

. DIDS at 80 

 

�

 

M caused a rapid and lethal cell
volume increase to 6206 

 

�

 

 171 

 

�

 

m

 

3

 

, which is at the point of cell bursting at the apex. DIDS was further demonstrated to
disrupt Cl

 

�

 

 efflux from the apex, indicating that Cl

 

�

 

 flux correlates with pollen tube growth and cell volume status. The
signal encoded by inositol 3,4,5,6-tetra

 

kis

 

phosphate [Ins(3,4,5,6)P

 

4

 

] antagonized pollen tube growth, induced cell vol-
ume increases, and disrupted Cl

 

�

 

 efflux. Ins(3,4,5,6)P

 

4

 

 decreased the mean growth rate by 85%, increased the cell vol-
ume to 5997 

 

�

 

 148 

 

�

 

m

 

3

 

, and disrupted normal Cl

 

�

 

 efflux oscillations. These effects were specific for Ins(3,4,5,6)P

 

4

 

 and
were not mimicked by either Ins(1,3,4,5)P

 

4

 

 or Ins(1,3,4,5,6)P

 

5

 

. Growth correlation analysis demonstrated that cycles of
Cl

 

�

 

 efflux were coupled to and temporally in phase with cycles of growth. A role for Cl

 

�

 

 flux in the dynamic cellular
events during growth is assessed. Differential interference contrast microscopy and kymographic analysis of individual
growth cycles revealed that vesicles can advance transiently to within 2 to 4 

 

�

 

m of the apex during the phase of maxi-
mally increasing Cl

 

�

 

 efflux, which temporally overlaps the phase of cell elongation during the growth cycle. In sum-
mary, these investigations indicate that Cl

 

�

 

 ion dynamics are an important component in the network of events that
regulate pollen tube homeostasis and growth.

ý

 

INTRODUCTION

 

Pollen tube growth is a prime example of self-organization
in biological systems. In these emergent systems, order is
achieved by a low number of interactive feedback circuits
that control and fine-tune the molecular and biochemical
parameters to allow optimum growth and function. Re-
search to identify these feedback circuits in pollen tubes has
progressed in recent years and has revealed that growth is
organized as a periodic or oscillating system. In light of

these results, pollen has become an important and versatile
tool for investigations of plant cell development, growth,
and biophysics (Taylor and Hepler, 1997; Feijó et al., 2001;
Hepler et al., 2001).

Pollen tubes grow by polarized elongation at the apex.
This is reflected in the polarized cytological organization: the
vegetative nucleus, the generative cell, and larger organelles
are located in the distal region of the tube, whereas the api-
cal dome contains mainly small vesicles and endoplasmic
reticulum (Pierson and Cresti, 1992). Actin bundles and mi-
crotubules extend axially from the pollen grain along the
length of the pollen tube to the subapical region, where the
overall direction of cytoplasmic flow reverses from antero-
grade to retrograde (Derksen et al., 1985; Lancelle and Hepler,
1991; Joos et al., 1994; Astrom et al., 1995). The apical
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dome contains sparse anastomosing actin filaments (Lancelle
and Hepler, 1991; Miller et al., 1996; Kost et al., 1998). Re-
cent work has indicated that periodic elongation of short
actin bundles into the apical dome occurs between the
growth pulses (Fu et al., 2001). Growth is supported by
exocytosis of synthetic materials that are delivered by the
highly active vesicle-trafficking system, visualized as cyto-
plasmic streaming, that transports secretory vesicles along
the actin cytoskeleton toward the apical region (Mascarenhas
and LaFountain, 1972; Derksen et al., 1995; Miller et al.,
1995; Cai et al., 1997; Yokuta et al., 1999). The vesicles ac-
cumulate at the region where most actin bundles terminate,
near the distal boundary of the apical dome.

The rate of cell elongation at the apex is not linear but os-
cillates with parameters that are either quasisinusoidal or
pulsatory (Tang et al., 1992; Pierson et al., 1995; Geitmann
et al., 1996; Geitmann and Cresti, 1998; Feijó, 1999; Feijó et
al., 2001). Oscillatory growth is correlated with oscillations in
the intracellular concentrations and the extracellular influx of
several cations. Of these, Ca

 

2

 

�

 

 has been studied most in-
tensively. There is a steep, tip-focused gradient of cytosolic
free [Ca

 

2

 

�

 

]

 

i

 

 that has been documented in all species exam-
ined (Rathore et al., 1991; Malhó et al., 1994; Pierson et al.,
1994; Franklin-Tong et al., 1997). In lily pollen, this gradient
decreases from 

 

�

 

10 

 

�

 

M at the tip to 150 to 300 nM at the
base 20 

 

�

 

m distal to the tip (Miller et al., 1992; Pierson et al.,
1994, 1996; Messerli and Robinson, 1997; Messerli et al.,
2000). The [Ca

 

2

 

�

 

]

 

i

 

 gradient oscillation is delayed by 

 

�

 

4 s
with respect to growth (Messerli et al., 2000). A further dis-
covery was that Ca

 

2

 

�

 

 in the extracellular medium influxes
at the apex, also with oscillatory parameters, but with the in-
flux peak delayed by 11 to 15 s with respect to the growth
peak (Holdaway-Clarke et al., 1997; Feijó, 1999; Messerli et
al., 1999). Oscillatory influx of H

 

�

 

 and K

 

�

 

 also has been doc-
umented in lily pollen, and these peaks lag behind the
growth peaks by 

 

�

 

7 to 11 and 14 s, respectively (Feijó,
1999; Messerli et al., 1999). In lily pollen tubes, H

 

�

 

 was
shown to influx at the tip and efflux at the distal boundary of
the apical dome (Feijó et al., 1999). Intracellular H

 

�

 

 accumu-
lates in a transient, steep gradient at the tip; the [H

 

�

 

]

 

i

 

 gradi-
ent oscillation is delayed by 8 to 10 s with respect to growth
(Messerli and Robinson, 1998; Feijó et al., 1999). The distal
boundary of the [H

 

�

 

]

 

i

 

 gradient is marked by an alkaline band
whose location correlates with the region of H

 

�

 

 efflux (Feijó
et al., 1999).

The present work is an investigation of Cl

 

�

 

 ion dynamics
during pollen tube growth. Anion flux into and out of cells is
known to be one of the primary regulators of turgor and in-
tracellular osmotic potential in other plant cells, not only be-
cause of its role in salt partitioning during turgor normal-
ization but also because efflux through anion channels
depolarizes the membrane (Schroeder and Hedrich, 1989;
Ward et al., 1995; Teodoro et al., 1998; Shabala et al.,
2000). Indeed, anion flux has been described as “the pace-
maker of turgor control” (Sanders and Bethke, 2000). Anions
react aggressively with polar water molecules: a rigid layer

of six water molecules forms the primary solvation shell, and
disruption of this complex has been demonstrated to be en-
ergetically unfavorable (Kropman and Bakker, 2001). The
primary solvation shell is surrounded by a more loosely
associated secondary layer that in turn contacts water
molecules with bulk properties. Thus, anions in dynamic
aqueous solutions have the potential to influence the order-
ing of water molecules in a local domain. In light of these
considerations, possible correlations between Cl

 

�

 

 flux and
cell volume or turgor status in the pollen tube apical region
also were examined.

In mammalian secretory cells, Cl

 

�

 

 channels are important
regulators of secretory activity and the maintenance of cell
volume (Chen et al., 1996). Inositol 3,4,5,6-tetra

 

kis

 

phos-
phate [Ins(3,4,5,6)P

 

4

 

] has been demonstrated to negatively
regulate Ca

 

2

 

�

 

-activated Cl

 

�

 

 channels (Vajanaphanich et al.,
1994; Ismailov et al., 1996; Xie et al., 1996, 1998; Barrett et
al., 1998; Nilius et al., 1998; Yang et al., 1999; Carew et al.,
2000; Ho et al., 2000, 2001). During a screen of a number of
different inositol polyphosphates for effects on pollen tube
growth, Ins(3,4,5,6)P

 

4

 

 was identified as a strong effector (L.
Zonia, unpublished data). Therefore, potential links between
Ins(3,4,5,6)P

 

4

 

 and Cl

 

�

 

 flux are explored in this study.
The results reported here indicate that oscillatory Cl

 

�

 

 ef-
flux at the pollen tube apex correlates with the cell volume
or turgor status within the apical region, is targeted by the
signal encoded in Ins(3,4,5,6)P

 

4

 

, and is temporally coupled
to and in phase with growth oscillations. Inspection of dy-
namic cellular events in the apical region during cycles of
growth revealed new information about vesicle movements
during cell elongation, and these are discussed in light of a
possible role for Cl

 

�

 

 flux oscillations.

 

RESULTS

Oscillatory Chloride Efflux at the Apex of Tobacco and 
Lily Pollen Tubes

 

Noninvasive, ion-specific, vibrating-electrode probe tech-
nology was used to measure Cl

 

�

 

 ion flux at the extracellular
surface during pollen tube growth. The primary model spe-
cies in this work was tobacco. During the first 2 to 3 h after
the start of germination of tobacco pollen, Cl

 

�

 

 flux at the
apex had random fluctuations, but when tube lengths
reached 500 to 600 

 

�

 

m, Cl

 

�

 

 efflux became organized into
quasisinusoidal, sustained oscillations (

 

n 

 

�

 

 40) (Figure 1A).
Sustained Cl

 

�

 

 efflux oscillations were observed at all subse-
quent tube lengths examined, from 600 to 1500 

 

�

 

m. Be-
cause of the negative charge of the anion, increasing Cl

 

�

 

efflux was recorded as a negative microvolt potential differ-
ence, which led to negative values for the calculated fluxes.

The pollen tube represented by the graph in Figure 1A
was growing at a rate of 1.9 

 

�

 

m·min

 

�

 

1

 

, and Cl

 

�

 

 efflux oscil-
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lated with boundary values of 400 to 1200 pmol·cm

 

�

 

2

 

·s

 

�

 

1

 

(which is a threefold increase from the minimum flux value
to the maximum flux value during one cycle) and an average
period of 105 s. The average Cl

 

�

 

 efflux oscillation periods
within populations of pollen were from 50 to 100 s·cycle

 

-1

 

.
Values of Cl

 

�

 

 efflux varied by 1 order of magnitude within
populations of pollen that had fivefold variations in growth
rate values. Tobacco pollen tubes displayed naturally occur-
ring, random, and low-angle curvature during growth that
manifested as a migration of the apex focal point within an

 

�

 

5 

 

�

 

m diameter centered at the tip of the apical dome. Dur-
ing these events, the focal point of Cl

 

�

 

 efflux invariably de-
ployed to the new growth apex concurrent with its migration
(data not shown).

To verify and extend the observations of Cl

 

�

 

 efflux oscilla-
tions in tobacco pollen, lily pollen tubes also were exam-
ined. Short tubes expressed randomly fluctuating Cl

 

�

 

 efflux
until reaching a critical length. When the tube length
reached 700 to 900 

 

�

 

m, sustained Cl

 

�

 

 efflux oscillations
were recorded at the apex (

 

n 

 

�

 

 4) (Figure 1B). Cl

 

�

 

 efflux in
lily pollen tubes oscillated within boundary values of 50 to
8000 pmol·cm

 

�

 

2

 

·s

 

�

 

1

 

, or a 40- to 160-fold increase from the
minimum flux value to the maximum flux value during one

cycle. The observed oscillations were very rapid, with an av-
erage period of 13.2 s·cycle

 

-1

 

.

 

Chloride Influx Sites Are Distal to the Subapical Region

 

To construct a topographical map of Cl

 

�

 

 flux along the pol-
len tube in regions near the apex, a method was used in
which the vibrating microelectrode position is held constant
and the pollen tube is allowed to grow past the tip of the mi-
croelectrode, thus recording the fluxes along the regional
surface of the tube examined. A graph of Cl

 

�

 

 flux in the api-
cal region of a tobacco pollen tube is shown in Figure 2A.
These results demonstrate that Cl

 

�

 

 influx occurred at loca-
tions distal to the subapical region (Figure 2B). The inversion
from oscillatory efflux to net influx started 

 

�

 

12 

 

�

 

m distal to
the tip, and influx reached a uniform level starting at 20 to 26

 

�

 

m distal to the tip.
The Cl

 

�

 

 ion depleted by efflux from the apical pool during
each cycle could be refilled readily from the distal sites of
Cl

 

�

 

 influx. The spatial coupling of influx and efflux sites pre-
dicted that a vectorial flux of Cl

 

�

 

 directed toward the apex
would traverse the apical region (Figure 2B). Because the

Figure 1. Cl� Efflux Oscillations at the Apex of Pollen Tubes.

(A) Tobacco.
(B) Lily.

Figure 2. Topographical Mapping of Cl� Flux along the Cell Surface
of the Apical Region.

(A) Profile of Cl� flux starting at the apex and continuing to 26 �m
distal to the tip. There is an inversion of oscillatory efflux to net influx
at �12 �m distal to the tip.
(B) Graphic representation of the vectorial flux of Cl� into the pollen
tube and out from the apex. Bar � 10 �m.
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present work is an investigation of the cellular dynamics and
function of Cl� flux, the apical region is defined herein as the
length of the pollen tube extending from the apex to 50 �m
distal from the tip, which includes both influx and efflux
sites.

Chloride Channel Blockers Inhibit Pollen Tube Growth, 
Induce Cell Volume Increases, and Disrupt 
Chloride Efflux

Pollen tube growth was inhibited by three different Cl�

channel blockers: 4,4�-diisothiocyanatostilbene-2,2�-disul-
fonic acid (DIDS), 5-nitro-2-(3-phenylpropylamino)benzoic
acid (NPPB), and niflumic acid (Figure 3). For these studies,
pollen was cultured for 3 h before addition of the inhibitors
and then allowed to grow for another 60 min in the presence
of the inhibitors. As shown in Figure 3, the mean growth dur-
ing 60 min for untreated pollen tubes was 185 �m. Growth
was inhibited completely by 20 �M NPPB, 40 �M niflumic
acid, and 80 �m DIDS. Cytoplasmic streaming stopped
within 10 to 15 min after the addition of 10 �M NPPB and
within 10 min after the addition of 20 �M niflumic acid, re-
sulting in the sharp trailing edge of the dose–response
curves for these blockers. Cytoplasmic streaming was es-
sentially unaffected by DIDS.

The Cl� channel blockers also induced increases in apical
cell volume. DIDS induced rapid volume increases that were
statistically significant at 10 �M (P � 1.06 � 10�6) (Table 1).
The apical region underwent a mean cell volume increase
from 3905 	 75 �m3 in untreated pollen tubes to 6206 	

171 �m3 at 80 �M DIDS, and 94% of pollen tubes burst

near the apex within 5 to 10 min. Hence, this value repre-
sents a mean maximum volume load that is structurally tol-
erated by the cell.

NPPB and niflumic acid induced cell volume increases
that were statistically significant at 5 �M and that reached
maxima at 20 �M, the effective dose for growth inhibition for
these two blockers (Figure 3). The cell volume increases in-
duced by NPPB and niflumic acid were not as severe as
those induced by DIDS; they reached 5613 	 87 �m3 and
5223 	 92 �m3 at 20 �M NPPB and niflumic acid, respec-
tively. This finding may be attributable in part to the rapid in-
hibition of cytoplasmic streaming caused by NPPB and ni-
flumic acid, which may reflect the fact that NPPB and
niflumic acid target different or additional Cl� channels than
those targeted by DIDS.

DIDS disrupted Cl� efflux oscillations, as shown in Figure
4. The pretreatment Cl� efflux is shown in Figure 4A. Within
1 to 2 min after the addition of 10 �M DIDS, the periodic
component of the cycle collapsed and the growth rate de-
creased by 21% (Figure 4B). After another addition of DIDS
to a total of 80 �M, Cl� efflux in this tube was inhibited by
�80% compared with the pretreatment efflux, and there
was a cessation of growth; however, this tube did not burst
during the recording (Figure 4C).

Together, these results indicate that pollen tube growth
and cell volume regulation are linked within a network of cir-
cuits that also includes Cl� efflux.

Ins(3,4,5,6)P4 Negatively Affects Pollen Tube Growth and 
Induces Cell Volume Increases

Potential links between the signal encoded in Ins(3,4,5,6)P4

and pollen tube growth were explored. As shown in Table 2,
pollen tube growth rate was diminished significantly after
microinjection of Ins(3,4,5,6)P4 (n � 10). The average growth
rate before injection was 3.43 	 0.29 �m·min�1. After micro-
injection, the average growth rate decreased to 0.41 	 0.16
�m·min�1 within the first 15 min, but cytoplasmic streaming
was either unaffected or recovered fully to preinjection rates
within 2 to 4 min. The growth rate of one pollen tube recov-
ered after 15 to 30 min after microinjection (Table 2, line 2),
and the growth rate of another was inhibited by �66% (Ta-
ble 2, line 5). The growth rates of the remaining eight pollen
tubes were inhibited more strongly. The average growth rate
at 15 to 30 min after microinjection was 0.53 	 0.32
�m·min�1. This result is significantly different from the prein-
jection growth rate (P � 2.50 � 10�6).

The specificity of the negative effect of Ins(3,4,5,6)P4 on
growth was demonstrated by microinjection of equivalent
concentrations of Ins(1,3,4,5)P4 and Ins(1,3,4,5,6)P5 (Table
2). The average growth rates before and 15 to 30 min after
microinjection of Ins(1,3,4,5)P4 were 2.02 	 0.22 and 2.41 	
0.18 �m·min�1, respectively (n � 10), demonstrating a statis-
tically insignificant stimulation of the growth rate (P � 0.19).
The average growth rates before and 15 to 30 min after mi-

Figure 3. Cl� Channel Blockers Inhibit Pollen Tube Growth.

Pollen tubes were cultured for 3 h and reached a mean length of 190
�m (arrow) before the addition of channel blockers and further cul-
turing for 60 min. Untreated pollen tubes reached a final mean
length of 375 �m. Each value is the mean of 50 pollen tubes 	 SE.
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croinjection of Ins(1,3,4,5,6)P5 were 2.24 	 0.30 and 2.79 	
0.41 �m·min�1, respectively (n � 10), demonstrating a statis-
tically insignificant stimulation of the growth rate (P � 0.29).

As a further control for the results of all three inositol poly-
phosphates, microinjection of an equivalent amount of H2O
was performed (Table 2). H2O is the solvent in which the
inositol polyphosphates were suspended. The average
growth rates before and 15 to 30 min after microinjection of
H2O were 3.03 	 0.29 and 2.35 	 0.22 �m·min�1, respec-
tively (n � 10), demonstrating a slight decrease in the
growth rate (P � 0.08).

It was observed that extracellular addition of Ins(3,4,5,
6)P4 also negatively affected pollen tube growth rate (Table

3). The average growth rate declined from 2.64 	 0.24 to
0.91 	 0.18 �m·min�1 at 20 �M Ins(3,4,5,6)P4 (n � 20),
which indicates a statistically significant decrease in growth
(P � 6.5 � 10�7). Thus, extracellular addition of Ins(3,4,
5,6)P4 inhibited the average growth rate by 66%, whereas
intracellular microinjection inhibited the average growth rate
by 85%. It is assumed that Ins(3,4,5,6)P4 added extracellu-
larly is able to interact with its cellular target by crossing the
cell wall and membrane.

The specificity of the effect of the extracellular addition of
Ins(3,4,5,6)P4 was demonstrated by the extracellular addi-
tion of Ins(1,3,4,5)P4 and Ins(1,3,4,5,6)P5 (Table 3). The aver-
age growth rates before and after the addition of 20 �M

Table 1. Analysis of Physical Features of the Apical Region of Pollen Tubes Subjected to Different Extracellular Treatments

Experimenta Width (�m) Area (�m2) Volume (�m3) Circularityb

Untreated Control 9.95 	 0.09 497.64 	 4.80 3905.31 	 74.86 0.4342 	 0.0027
Chloride Blockers

DIDS
10 �m 10.79 	 0.13 539.55 	 6.32 4602.29 	 110.98 0.4577 	 0.0034
20 �m 11.18 	 0.10 559.20 	 5.27 4930.45 	 91.90 0.4685 	 0.0027
40 �m 11.94 	 0.12 597.37 	 5.96 5628.03 	 111.86 0.4880 	 0.0029
80 �m 12.51 	 0.17 625.80 	 8.55 6205.79 	 171.42 0.5014 	 0.0042

NPPB
5 �m 11.23 	 0.11 561.37 	 5.26 4971.50 	 93.26 0.4699 	 0.0028

10 �m 11.71 	 0.10 585.37 	 5.17 5402.15 	 92.40 0.4824 	 0.0026
20 �m 11.94 	 0.09 596.95 	 4.60 5612.80 	 86.68 0.4884 	 0.0023

Niflumic acid
5 �m 11.12 	 0.09 556.04 	 4.32 4870.33 	 76.50 0.4672 	 0.0023

10 �m 11.45 	 0.09 572.80 	 4.69 5170.07 	 85.02 0.4760 	 0.0025
20 �m 11.51 	 0.10 575.56 	 4.98 5222.59 	 91.85 0.4774 	 0.0026

DMSO controlc 10.00 	 0.09 500.42 	 4.54 3947.75 	 71.34 0.4359 	 0.0027
Inositol Phosphates

Ins(3,4,5,6)P4

10 �m 10.92 	 0.11 545.84 	 5.54 4702.73 	 95.97 0.4613 	 0.0031
20 �m 12.31 	 0.15 615.80 	 7.80 5997.16 	 147.74 0.4967 	 0.0037

Ins(1,3,4,5)P4

10 �m 10.38 	 0.09 518.79 	 3.78 4244.10 	 76.43 0.4466 	 0.0026
20 �m 10.76 	 0.10 538.41 	 5.20 4573.35 	 88.03 0.4574 	 0.0029

Ins(1,3,4,5,6)P5

10 �m 10.30 	 0.08 515.23 	 3.78 4178.46 	 60.27 0.4444 	 0.0022
20 �m 10.77 	 0.09 538.77 	 4.76 4575.09 	 80.34 0.4576 	 0.0026

H2O controld

1% (v/v) 10.33 	 0.12 516.62 	 6.01 4222.78 	 98.84 0.4447 	 0.0035
2% (v/v) 10.86 	 0.11 543.37 	 5.37 4662.09 	 92.07 0.4598 	 0.0030

Each value is the mean of 50 pollen tubes 	 SE. The region analyzed spans the length of the pollen tubes from the apex extending to 50 �m dis-
tal to the tip. Images of the treated pollen tubes were captured within 25 min after the start of treatment for subsequent analysis.
a Unpaired t test analysis based on volume data indicated that the following sample sets did not differ significantly: untreated control/DMSO con-
trol; 10 �m niflumic acid/20 �m niflumic acid. Other samples within each treatment set differed significantly from each other and from the no-
treatment control (details given in Results).
b The circularity index provided information about pollen tube shape and increases as objects became more spherical.
c Chloride blockers were solubilized in DMSO. The volume of DMSO used in this control study represented the maximum volume introduced to
the pollen tube cultures, which was equivalent to the amount of solvent for 80 �m DIDS.
d Inositol polyphosphates were solubilized in H2O. The volumes of H2O introduced to the pollen tube cultures for 10 and 20 �m InsPx corre-
sponded to 1 and 2% (v/v) H2O, respectively.
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Ins(1,3,4,5)P4 were 2.42 	 0.17 and 2.61 	 0.23 �m·min�1,
respectively (n � 20), demonstrating a statistically insignifi-
cant difference in the growth rate (P � 0.41). The average
growth rates before and after the addition of 20 �M Ins(1,3,
4,5,6)P5 were 2.24 	 0.19 and 2.31 	 0.31 �m·min�1, re-
spectively (n � 20), demonstrating a statistically insignificant
difference in the growth rate (P � 0.83).

For these studies, the growth rate of each pollen tube was
measured during a 1.5-min interval, and the entire series of

measurements of 20 pollen tubes was completed within 45
min after the start of treatment. However, at treatment times
longer than �45 to 50 min, the average growth rates after
the addition of Ins(1,3,4,5,6)P5 also began to decline, possi-
bly as a result of the breakdown of InsP5 to InsP4.

As an additional control for the extracellular effects of the
inositol polyphosphates, growth rates also were measured
after the addition of equivalent volumes of the solvent H2O
(Table 3). The average growth rates before and after the ad-
dition of 2% (v/v) H2O were 2.68 	 0.18 and 3.07 	 0.27
�m·min�1, respectively (n � 20), demonstrating a statisti-
cally insignificant increase in the growth rate (P � 0.23). As
another control, the growth rates before and after the addi-
tion of 2% germination medium were 2.89 	 0.17 and 3.06 	
0.14 �m·min�1, respectively (n � 20), demonstrating a sta-
tistically insignificant increase in the growth rate (P � 0.47)
(data not shown).

Extracellular addition of Ins(3,4,5,6)P4 induced large and
rapid increases in apical cell volume (Table 1). The mean cell
volume increased from 3905 	 75 �m3 for untreated con-
trols to 5997 	 148 �m3 at 20 �M Ins(3,4,5,6)P4. This value
was on the order of the mean maximum volume load of
6206 	 171 �m3 observed with 80 �M DIDS (P � 0.36). This
effect on apical cell volume was specific for Ins(3,4,5,6)P4.
Addition of 10 and 20 �M Ins(1,3,4,5)P4 and Ins(1,3,4,5,6)P5

caused cell volume increases that were on the order of the
cell volume increases after the addition of 1 and 2% H2O
(Table 1). As a further control, apical cell volumes after the
addition of 1 and 2% germination medium were 3907 	 82
and 3890 	 86 �m3, respectively (data not shown).

In summary, these data demonstrate that the signal en-
coded in Ins(3,4,5,6)P4 negatively affected pollen tube growth
and rapidly induced large increases in apical cell volume.
These effects were specific for Ins(3,4,5,6)P4 and were not
mimicked by either Ins(1,3,4,5)P4 or Ins(1,3,4,5,6)P5.

Ins(3,4,5,6)P4 Disrupts Chloride Efflux Oscillations

In addition to negatively affecting pollen tube growth and in-
ducing cell volume increases, Ins(3,4,5,6)P4 disrupted Cl�

efflux from the pollen tube apex (Figure 5). Two different
classes of Cl� flux response to Ins(3,4,5,6)P4 were ob-
served. The first class (n � 11 of 14) had a rapid and essen-
tially complete disruption of Cl� efflux, whereas the second
class (n � 3 of 14) had a transient increase in the peak am-
plitude and a slight change in the flux periodicity. It is possi-
ble that the classes differ in specific functional features such
as the homeostatic steady state conditions for anion dy-
namics or as a result of specific properties of the oscillatory
cycles in individual pollen tubes. In both classes, pollen tube
growth was disrupted.

The response of the first class of pollen tubes to
Ins(3,4,5,6)P4 is shown in Figure 5A. The pretreatment
growth rate of this tube was 1.6 �m·min�1. After the addition
of 10 �M Ins(3,4,5,6)P4 and a brief lag time for the replace-

Figure 4. The Cl� Channel Blocker DIDS Disrupts Cl� Efflux.

Cl� efflux oscillations before the addition of DIDS (A) and after the
addition of DIDS at 10 �M (B) and 80 �M (C). Growth rates are given
at bottom of each chart.
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ment of the vibrating probe, there was evident disruption of
Cl� efflux within 14 min. The pretreatment dynamics of Cl�

flux did not recover within 30 min, the apical region under-
went a 25% increase in cell volume, and the growth rate de-
clined.

The response of the second class of pollen tubes to
Ins(3,4,5,6)P4 is shown in Figure 5B. The pretreatment
growth rate of this tube was 4.2 �m·min�1. After the addition
of 10 �M Ins(3,4,5,6)P4, the growth rate decreased by 52%,

but only slight perturbation of Cl� efflux occurred. After in-
creasing the concentration to 20 �M Ins(3,4,5,6)P4, there
was another decrease in the growth rate, the apical region
underwent a 20% increase in cell volume, and there was a
twofold increase in the peak amplitude of Cl� efflux and a
small perturbation of Cl� efflux periodicity. Some pollen
tubes in this class can continue disordered Cl� efflux at a
low and chaotic rate for several hours after exposure to
Ins(3,4,5,6)P4. The resultant new growth regions generally
were highly aberrant, with distorted or twisted tube tips.

Together, these results indicate that the signal encoded in
Ins(3,4,5,6)P4 can act in regulatory networks that target pol-
len tube growth, cell volume regulation, and Cl� efflux.

The Periodicity of Chloride Efflux Is Temporally in Phase 
with Growth Periodicity

Correlation analyses were performed to simultaneously
record Cl� efflux and measure pollen tube growth rate to
determine the temporal relationship between the two oscil-
lations. The Cl� efflux values were converted from microvolt
differential recordings (negative values) to absolute flux
(positive values) to plot correlations. Sequential images of
the pollen tube apical region were captured during 5- to 10-
min growth sequences, and the position of the tip boundary
was tracked using a subpixel-resolution pattern identifica-
tion function. The coordinates corresponding to the position
of the tip boundary were transformed to a velocity function,
exported to a spreadsheet, and plotted. The growth rate
curve was plotted with the Cl� efflux oscillation curve using
the time axis, and the temporal relationship was determined.

As shown in Figure 6, Cl� efflux peaks were coupled
closely with growth rate peaks: sometimes slightly preced-
ing (single arrows), sometimes overlapping (double arrow),
and sometimes slightly delayed (triple arrow). In this se-
quence, the first Cl� efflux cycle was broad and had two
shoulders (asterisks) that overlapped simultaneous shoul-
ders in the first broad growth cycle. Globally, cycles of Cl�

efflux preceded cycles of growth by 0.25 	 0.5 s (n � 22
peaks from five independent experiments). However, the
temporal resolution for Cl� flux recording was on the order
of 1.5 to 2 s. Thus, for technical reasons, Cl� efflux oscilla-
tions and growth rate oscillations should be considered to
be temporally coupled in phase.

Chloride Efflux Correlates with Vesicle Movement during 
the Growth Cycle

Because cycles of Cl� efflux and growth were coupled and
in phase, investigations were performed to determine a role
for Cl� efflux in the physical processes that mediate growth.
These studies required the correlation of multiple dynamic
events that differ in the resolution limits that can be
achieved with the technologies used and that are required

Table 2. Microinjection of Ins(3,4,5,6)P4 Inhibits Pollen Tube Growth

Pollen 
Tube
Length
(�m)

Distance from
Injection Site
to Apex (�m)

Growth Rate (�m·min�1)

Before
Injection

After Injection

Injectate
0 to
15 min

15 to 
30 min

Ins(3,4,5,6)P4 251 90 3.04 0 0.05
288 110 4.23 0.17 3.23
312 107 3.08 0.32 0.18
317 91 3.25 0.02 0.02
356 130 3.02 1.56 1.02
364 112 1.85 0.07 0.10
384 111 3.88 0.65 0
412 101 5.06 0.08 0.08
417 102 4.17 0.39 0
425 116 2.72 0.88 0.61

Ins(1,3,4,5)P4 236 126 1.59 2.44 2.80
263 115 1.21 1.83 1.46
322 118 1.45 1.48 2.27
370 113 3.34 1.56 2.20
378 131 1.02 1.46 1.76
399 101 2.50 1.65 2.50
428 136 2.19 1.95 2.07
456 115 2.35 2.15 3.24
476 99 2.37 1.22 2.91
492 128 2.22 1.98 2.90

Ins(1,3,4,5,6)P5 241 91 2.09 1.36 1.91
286 123 3.62 4.15 5.04
294 108 2.51 4.65 4.27
333 106 1.43 1.75 2.38
340 102 1.10 1.69 1.75
355 104 3.00 2.53 2.96
438 103 2.94 2.02 2.77
446 138 3.20 4.45 4.09
459 112 1.41 1.89 1.68
475 117 1.09 1.54 1.05

H2O 233 131 2.00 1.51 2.11
267 97 4.78 1.42 3.40
318 112 2.76 2.28 2.77
347 89 4.10 1.77 2.51
362 114 1.88 2.83 2.09
385 115 3.00 2.10 1.16
418 105 3.11 1.56 2.12
428 114 2.78 1.61 1.93
453 122 2.39 2.06 1.99
471 128 3.46 2.59 3.44
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for the optimization of the analyses. To reach the goal, a
two-step approach was used.

The first step was to optimize the correlation between Cl�

efflux cycles and dynamic events that occur in the apical re-
gion during growth. Pollen tube growth was imaged using
differential interference contrast (DIC) microscopy simulta-
neously with recording of Cl� efflux (Figure 7A). To allow
continuous monitoring of the microelectrode position, im-
ages were captured at 1 s·image-1. For these studies, the
imaging tool of kymographic analysis was used (Figure 7B).
The image area analyzed for the kymograph is shown in
Figure 7C as the transect between the two outer green lines.
The kymograph allowed the analysis of dynamic changes in
the average refringence of this enlarged transect. The aver-
age pixel intensity along the transect was compressed to a
thin line, and a color-coded look-up table was used to high-
light differences in intensities. The transects were aligned sub-
sequently with respect to the apical cell wall position, so the
length of cell elongation during growth appears as the distal
extension of the kymograph. Alignment of the transects in a
temporal sequence gives the time-lapse kymograph shown
in Figure 7B.

Before the phase of Cl� efflux from the apex (0 to 10 s),
the distal boundary of the clear zone (light blue) in this cell
was �7 �m from the wall boundary. During the phase of
maximally increasing Cl� efflux from the apex (30 to 60 s),
there was an average advance of vesicles and small or-
ganelles (dark blue-green and yellow) into the apical dome
to within 3 to 4 �m from the pollen wall. This advance may
be interpreted as a dynamic sum of the number of vesicles
and organelles located in or near the apical dome times the
frequency of movement into the apical dome. The original

boundary of the clear zone was reestablished after the
growth pulse (70 to 80 s). Although Cl� efflux preceded
growth during this cycle (Figure 7A), the kymograph shows
overlap between the events (Figure 7B). In light of the time
resolution that can be achieved and the required degree of
processing, these results led to the interpretation that Cl�

efflux, vesicle advance into the apical dome, and growth
probably all occurred essentially in phase.

The second step was to optimize the correlation of cyto-
plasmic dynamics with cycles of growth. For these studies,
high-definition DIC microscopy was used, and images were
captured at a rate of 0.21 s·image�1. The results of these
studies are presented in Figure 8, which illustrates two cy-
cles of growth (Figure 8A). Before the growth pulse, there
was a well-defined clear zone in the apical dome that was
essentially free of larger vesicles and organelles (Figure 8B;
223.0 and 331.7 s). During the phase of the cycle with maxi-
mally increasing growth rate, vesicles and small organelles
advanced transiently into the apical dome to within 2 to 3
�m of the apical plasma membrane (Figure 8B; 281.7 and

Table 3. Addition of Ins(3,4,5,6)P4 Inhibits Pollen Tube Growth

Solution Mean Growth Rate (�m·min�1)

Ins(3,4,5,6)P4

0 �m 2.64 	 0.24 (1.06, 4.78)
10 �m 1.14 	 0.19 (0, 2.99)
20 �m 0.91 	 0.18 (0, 3.26)

Ins(1,3,4,5)P4

0 �m 2.42 	 0.17 (1.07, 4.51)
10 �m 2.68 	 0.18 (1.34, 5.10)
20 �m 2.61 	 0.23 (0.76, 5.93)

Ins(1,3,4,5,6)P5

0 �m 2.24 	 0.19 (1.14, 3.79)
10 �m 2.65 	 0.26 (1.10, 5.43)
20 �m 2.31 	 0.31 (0.48, 6.09)

H2O
0% (v/v) 2.68 	 0.18 (1.44, 4.96)
1% (v/v) 3.05 	 0.22 (1.63, 6.46)
2% (v/v) 3.07 	 0.27 (0.90, 5.10)

Each value is the mean growth rate of 20 pollen tubes 	 SE, with
minimum and maximum values given in parentheses.

Figure 5. Ins(3,4,5,6)P4 Disrupts Cl� Efflux at the Pollen Tube Apex.

(A) Cl� efflux profile of class I tobacco pollen tubes before and after
the addition of 10 �M Ins(3,4,5,6)P4 (arrow).
(B) Cl� efflux profile of class II tobacco pollen tubes before and after
the addition of 10 and 20 �M Ins(3,4,5,6)P4 (arrows).
Growth rates are given at bottom of each chart.
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387.8 s). This event occurred during the phase of the cycle
with maximally increasing Cl� efflux from the apex (Figures
6 and 7). When growth rates and Cl� efflux rates reached
steady maxima, the distance between the apex and the lo-
cation of vesicles and organelles increased (Figure 8B;
303.8 and 410.5 s). At the end of the cycle, the clear zone in
the apical dome was reestablished, as can be observed in
the transition that occurred from 303.8 to 331.7 s (Figure
8B). Together, these results indicate that during the phase
of the cycle with maximally increasing growth rate, a tran-
sient forward movement or flow of vesicles into the apical
dome can occur. In conjunction with the results shown in
Figures 6 and 7, it is proposed that Cl� efflux out of the apex
correlates with this forward flow of vesicles and organelles
during cell elongation.

DISCUSSION

Chloride Flux, Cell Volume Regulation, and Pollen Tube 
Growth Oscillations

These studies have identified a new ion circuit in pollen
tubes, have demonstrated that Cl� flux is required for
growth, have documented a role for Cl� flux in the mainte-
nance of cell volume, have explored potential links between
Cl� flux and inositol polyphosphate signals, and have inves-
tigated correlations between Cl� flux and the dynamic
events that mediate cell elongation. In light of the fact that

oscillatory Cl� efflux has been found to be coupled in phase
with oscillatory growth, this circuit appears to have impor-
tant roles within the network of events that regulate pollen
tube growth and homeostasis.

Cl� flux is necessary for pollen tube growth. Blocking Cl�

flux with Cl� channel blockers rapidly inhibited growth (Fig-
ures 3 and 4), and modulation of the level of Cl� that moves
across the plasma membrane had a role in maintaining cel-
lular homeostasis (Table 1). Individual pollen tubes from het-
erogeneous populations had varying levels of Cl� efflux.
This may reflect differences in the number or distribution of
channels in the apical plasma membrane, which could lead
to large variations in ion flux per unit of plasma membrane.
However, the frequency of Cl� efflux was coupled tightly
to growth (Figure 6). Nonlinear signals can carry information
encoded in the signal amplitude and the signal frequency
(Allen et al., 2000, 2001). Recent analyses indicate that the
frequency of the Cl� efflux signal is uniform across popula-
tions of tobacco pollen that have normal growth dynamics,
so it may be important in regulating pollen tube growth (L.
Zonia, unpublished data).

A second role for Cl� flux is in regulating cell volume or
turgor pressure. Inhibition of Cl� flux rapidly induced in-
creases in apical cell volume (Figure 3, Table 1). Cell volume
increased to critical levels at 80 �M DIDS, at which point
94% of the pollen tubes burst within 5 to 10 min. The critical
point at which bursting occurred represents a 58.9% vol-
ume increase along the apical 50-�m length of the tube. The
fact that this lethal increase occurred within 5 to 10 min sug-
gests that a dynamic flux of H2O may traverse the pollen
tube apical region. Rapid and large cell volume increases

Figure 6. Correlation of Growth Rate Oscillations with Cl� Efflux Oscillations in Tobacco Pollen Tubes.

The global average indicates that Cl� efflux and growth peaks are temporally coupled and in phase. Gray symbols, growth rate oscillations;
black symbols, Cl� efflux oscillations. Single arrows indicate Cl� efflux peaks slightly preceding growth rate peaks; the double arrow indicates
Cl� efflux peaks overlapping growth rate peaks; the triple arrow indicates Cl� efflux peaks slightly delayed after growth rate peaks. The asterisks
indicate the two shoulders of the first Cl� efflux cycle.
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also were induced by Ins(3,4,5,6)P4 (Table 1). Thus, the evi-
dence indicates that agents that perturb Cl� flux also per-
turb pollen tube turgor pressure. This finding suggests a
close correlation between Cl� efflux and the regulation of
pollen tube osmotic balance or hydrodynamics. Anion chan-
nels are known to function in the regulation of hydrodynam-
ics in other plant cells (see below). Cl� efflux may be linked
within a network of circuits that are activated upon changes
in turgor status, including plasma membrane stretch-sensi-
tive Ca2� channels (Hedrich et al., 1990; Takahashi et al.,
1997; Taylor et al., 1997, Goddard et al., 2000) and stretch-
sensitive Cl� conductances (Cosgrove and Hedrich, 1991).
A coordinated network including single-channel stretch-
sensitive Cl� flux in concert with stretch-sensitive Ca2�-acti-
vated Cl� flux may provide the necessary levels of feedback
to fine-tune and control the pollen tube osmotic balance un-
der variable extracellular conditions.

A third role for Cl� flux is correlated with the dynamic
properties of pollen tube growth. During the growth pulse,
the apical Cl� pool would be depleted by efflux through the
apex, and this would be refilled readily by the distal Cl� in-
flux pool (Figure 2A). This effect results in a Cl� anion circuit
that traverses the pollen tube apical region and fluxes out
through the apex (Figure 2B). This vectorial flux of Cl�

through the apical region may provide part of the driving
force for the transient forward movement of vesicles and or-
ganelles and for cell elongation (Figures 7 and 8), perhaps
via an entrained hydrodynamic flow (Zonia et al., 2001).

One key to understanding how pollen tubes grow lies in
understanding the temporal relationship among the ion cir-
cuits with respect to the start of the growth pulse. Oscilla-
tory Cl� efflux is coupled temporally to and in phase with the
start of the growth pulse (Figure 6). In lily pollen tubes, the
next event, an increase in the cytosolic Ca2� gradient, oc-
curs 4 s after the start of the growth pulse (Messerli et al.,
2000). It is not known where the Ca2� that initiates this cyto-
solic increase originates from, but entry of extracellular Ca2�

through stretch-sensitive channels has been postulated.
The start of the growth cycle in tobacco pollen tubes is
sometimes preceded by a sharp and transient forward
surge of the tip boundary position. Together, these observa-
tions suggest the activation of stretch-sensitive Ca2� and
Cl� channels in concert with Cl� efflux in stimulating the on-
set of the growth cycle.

Figure 7. Correlation of Cl� Efflux and Cytological Changes in the
Apical Region during One Growth Cycle of a Tobacco Pollen Tube.

(A) Temporal relationship of the Cl� efflux peak (red symbols) with
the growth peak (blue symbols).
(B) Kymogram showing the average position of vesicle and organelle
movement during the cycle. Distance from the apex is marked along
the x axis, and elapsed time during the cycle is marked along the y
axis. The color scale key for the kymogram is given at bottom.

(C) Image representing the origin of the kymogram. A transect of 30
pixels wide between the green lines was extracted from the time-
stamped stacked images, a color-coded look-up table was applied
to the average refringence along the transect, and transects were
aligned by normalizing the apex boundary to construct the kymo-
gram shown in (B). Bar � 10 �m.
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Anion Channels Have Roles in Turgor Regulation and 
Cellular Signaling

Anion flux has been recognized as an important early com-
ponent of both plant and animal cell responses to specific
signal transduction cascades (Marten et al., 1991; Schroeder,
1995; Ward et al., 1995; Barbier-Brygoo et al., 2000; Schroeder
et al., 2001). Two plant organs are known to use a strategy
of controlled hydrodynamics in the form of reversible cell
swelling to perform work: stomatal guard cells, which open
upon swelling and allow gas exchange for photosynthesis to
occur (Assmann, 1993), and pulvinar extensor cells, which
control leaflet opening in Samanea (Satter et al., 1988). The
cell volume changes in both systems are driven primarily by
dynamic ion fluxes (Schroeder and Hedrich, 1989; Liu and
Luan, 1998).

In guard cells, it has been shown that light activates the
plasma membrane H�-ATPase, which leads to membrane
hyperpolarization (Assmann et al., 1985; Amodeo et al.,
1992) and ultimately results in passive uptake of K� and in
some species Cl�. This leads to the movement of H2O into
the cell along its osmotic potential gradient and stomatal
opening. This process is reversed by the inhibition of H�-
ATPase and the opening of Cl� efflux channels, which de-
polarizes the membrane and leads to passive efflux of K�

out of the cell and subsequent decreases in cell volume
(Schroeder and Hedrich, 1989; Ward et al., 1995). Studies of
osmoregulation in other plant cells have focused on events
induced by hyperosmotic conditions, and turgor normali-
zation has been associated with decreased efflux of Cl�

(Teodoro et al., 1998) or increased influx of Cl� and K�

(Shabala et al., 2000).

Targets of Signal Transduction Cascades Mediate 
Cyclic Behaviors, Ion Dynamics, Growth, and
Cellular Homeostasis

Inositol phospholipid and inositol polyphosphate signal
transduction cascades initiate and integrate complex cellu-
lar behaviors and responses to specific stimuli. Of particular
interest for the present context, recent work has demon-
strated that oscillatory Ca2� spiking in cultured rat cardiac
cells is controlled by the concerted activity of a cluster of ki-
nases that includes phosphatidylinositol 3-kinase and phos-
pholipase C (Bony et al., 2001). The tightly regulated activity
of these interconnected kinase networks ultimately results in
oscillations in the levels of Ins(1,4,5)P3, which in turn mobi-
lize the spiking Ca2� oscillations. This demonstration of a
mechanism to drive rapid oscillations in the levels of
Ins(1,4,5)P3 is interesting for the present study, which indi-
cates potential links between Ins(3,4,5,6)P4 signaling and
Cl� efflux oscillations.

Evidence for the importance of inositol phospholipids and
inositol polyphosphates in plant cells is accumulating (for
reviews, see Munnik et al., 1998; Drøbak et al., 1999;

Figure 8. Time-Lapse DIC Imaging of Cellular Dynamics during Two
Growth Cycles.

(A) Growth rate oscillations during two growth cycles.
(B) Time-lapse images of the apical region. The distal edge of each
image has been normalized to the same reference point. Elapsed
times in seconds are given above each image and correspond with
the elapsed times given in the growth rate chart shown in (A). Cl� ef-
flux is represented by the vectors at the tube tip. Bar � 10 �m.



2244 The Plant Cell

Stevenson et al., 2000; Munnik and Meijer, 2001). Hyperos-
motic stress was shown to induce the synthesis of phos-
phatidylinositol 3,5-bisphosphate [PtdIns(3,5)P2] in pea, to-
mato, and alfalfa cells (Meijer et al., 1999), whereas in
Arabidopsis cells, PtdIns(4,5)P2 was observed to accumu-
late (Pical et al., 1999). Much attention in plant research has
focused on the signaling role of Ins(1,4,5)P3, which mobi-
lizes the release of intracellular Ca2�. Photolysis of caged
Ins(1,4,5)P3 injected into pollen tubes has been shown to
cause an increase in free Ca2�, with the greatest increase
observed in the region of the vegetative nucleus (Franklin-
Tong et al., 1996; Malhó, 1998). Further studies have dem-
onstrated a role for PtdIns(4,5)P2 in conjunction with the
small G-protein Rac at the tip of Arabidopsis pollen tubes
during elongation (Kost et al., 1999).

Functional roles for other inositol polyphosphates are
emerging (for reviews, see Mennitti et al., 1993; Shears,
1996; Caffrey et al., 1999; Irvine and Schell, 2001). One of
these isomers is Ins(3,4,5,6)P4, which has been shown to
negatively regulate a Ca2�-activated Cl� channel that is im-
portant for secretion and osmoregulation in epithelial secre-
tory cells (Vajanaphanich et al., 1994; Ismailov et al., 1996;
Xie et al., 1996, 1998; Barrett et al., 1998; Nilius et al., 1998;
Yang et al., 1999; Carew et al., 2000; Ho et al., 2000, 2001).
Ins(3,4,5,6)P4 has been identified in the duckweed Spirodela
(Brearley and Hanke, 1996), and Ins(3,4,5,6)P4 1-kinase and
4- and 6-phosphatase activities have been detected in
Commelina mesophyll cells (Brearley and Hanke, 2000).

This report has demonstrated that Ins(3,4,5,6)P4 can act
in regulatory circuits that target pollen tube growth, cell vol-
ume regulation, and Cl� flux (Tables 1 to 3, Figure 5). The ef-
fects on growth and homeostasis are not mimicked by ei-
ther Ins(1,3,4,5)P4 or Ins(1,3,4,5,6)P5. The 1-hydroxyl group
appears to be essential for binding and inhibition of the
Cl� channel, whereas the 2-hydroxyl group plays a less es-
sential role (Rudolf et al., 1998). Levels of Ins(3,4,5,6)P4 in
animal cells increase slowly after stimulus-dependent hy-
drolysis of PtdIns(4,5)P2 to Ins(1,4,5)P3 (Stephens et al.,
1988; Balla et al., 1989). In unstimulated cells, the concen-
tration of Ins(3,4,5,6)P4 is estimated to be �1 �M and in-
creases to 10 to 15 �M upon cell activation (Pittet et al.,
1989; Vajanaphanich et al., 1994). Two immediate precur-
sors of Ins(3,4,5,6)P4 have been reported: Ins(3,4,6)P3 and
Ins(1,3,4,5,6)P5. Whether one or both of these precursors
represent functional pathways in various cell types undergo-
ing different developmental processes is a matter of investi-
gation.

In both plants and animals, Ins(3,4,5,6)P4 is phosphory-
lated to Ins(1,3,4,5,6)P5 and InsP6 by sequential 1-kinase
and 2-kinase activities. InsP6 has been shown to inhibit an
inward-rectifying K� current in patch-clamp studies of guard
cells (Lemtiri-Chlieh et al., 2000). This inhibition is Ca2� de-
pendent, and the evidence indicates that it is elicited after
treatment with abscisic acid that induces cell volume de-
creases leading to stomatal closure (Lemtiri-Chlieh et al.,
2000). The present report has shown that Ins(3,4,5,6)P4 an-

tagonizes Cl� efflux from the pollen tube apex (Figure 5),
disrupts pollen tube growth (Tables 2 and 3), and induces
rapid and large cell volume increases (Table 1). Together,
these recent investigations of inositol polyphosphate sig-
naling in plants present the intriguing results that Ins-
(3,4,5,6)P4 and InsP6—which are linked by phosphorylation
cycles through an Ins(1,3,4,5,6)P5 intermediate—target ion
channels that have antagonistic functions in regulating plant
cell osmotic potential.

METHODS

Pollen Culture

For experiments to measure Cl� fluxes, pollen from tobacco (Nicoti-
ana tabacum cv Samsun) was germinated as follows. Pollen was re-
moved from �20
C, and after 25 to 30 min at room temperature, the
appropriate mass of pollen to give a final culture density of 0.06
mg·mL�1 was dispersed in germination medium in plastic Petri
dishes. Germination medium consisted of 6% Suc, 1.6 mM H3BO3,
200 �M CaCl2, and 25 �M MES, pH 5.5. Cultures were placed on a
rotary shaker at 100 rpm and were allowed to germinate and grow at
23
C for 3 to 7 h. The cultures were used directly in the Petri dishes
in which they had been germinated and were not divided into ali-
quots before recording of Cl� flux to avoid mechanical perturbation
of the cells. Under the culture conditions used, �80% of the pollen
tubes had oscillatory growth, with rates from 1.3 to 4.5 �m·min�1.

To measure Cl� flux in lily (Lilium longiflorum), pollen was removed
from �70
C and placed in a humid chamber at room temperature for
1 h before sowing a small amount on germination medium in a plastic
Petri dish. Germination medium consisted of 5% Suc, 1.0 mM KCl,
50 �M CaCl2, 1.6 mM H3BO3, and 50 �M Mes, pH 5.5. Cultures were
placed on a rotary shaker at 100 rpm and were allowed to germinate
and grow at 23
C for 3 to 6 h.

Chloride Blocker Studies

The Cl� blockers included 4,4�-diisothiocyanatostilbene-2,2�-disul-
fonic acid (DIDS) and niflumic acid, both from Sigma (St. Louis, MO),
and 5-nitro-2-(3-phenylpropylamino)benzoic acid (NPPB) from TOC-
RIS (Bristol, UK). Tobacco pollen was germinated as described
above except that culture densities were increased to 1 mg·mL�1.
Pollen was germinated and grown for 3 h, at which time the Cl�

blockers were added to individual cultures simultaneously with stop-
ping of untreated control cultures by the addition of a fixative solution
at 1:1 (v/v). The fixative solution contained glycerol:glacial acetic
acid:H2O at 2:1:1. Untreated control cultures and cultures treated
with Cl� blockers were allowed to continue growing for another 60
min before stopping of all cultures by the addition of fixative solution.
Then, the lengths of 50 pollen tubes were measured for each sample
using the calibrated measuring function of Lucia Image Analysis ver-
sion 3.5 (Laboratory Imaging, Prague, Czech Republic). All tests
were performed in duplicate, and experiments were repeated three
times.

To investigate the effect of the Cl� blockers on Cl� efflux, control
studies were performed to assess the effect of DIDS, NPPB, and ni-
flumic acid on the ionophore cocktail of the microelectrodes. It was
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found that only DIDS did not significantly affect the voltage record-
ings of the microelectrodes (data not shown), so DIDS was selected
for further studies.

Measurement of Physical Features of the Pollen Tube
Apical Region

Pollen was germinated as described above except that the density
was increased to 0.4 mg·mL�1 and cultures were grown in glass Petri
dishes. Pollen was allowed to germinate and grow for 3.5 to 4.5 h be-
fore the experiments were started. The reagent of interest was added
to the cultures and mixed by gentle swirling, and images of the pollen
tube apical regions were captured starting at 5 min after the addition.
Imaging was performed with a Nikon Eclipse 600 upright microscope
(Tokyo, Japan) with a 40�0.6 PlanApo extra-long-working-distance
objective and a high-performance charge-coupled device (CCD)
camera (Cohu, Poway, CA).

Images were captured using Lucia Image Analysis version 3.5
(Laboratory Imaging); 50 images for each experiment were captured
within 25 min after the start of treatment. Images were analyzed us-
ing the Lucia calibrated measurement functions. Each experiment
was repeated twice, and the reported values were typical for both ex-
periments. To trace pollen tube perimeters, a measurement frame
was chosen that selected the clearly defined boundary of the plasma
membrane with a length extending to 50 	 0.5 �m distal to the tip.

Area is the principal measurement determined because calibration
of the objective provides a direct scaling relationship with the num-
ber of pixels selected in the measurement frame. Width (W) then was
calculated as

,

where A is the area and L is the length. The volume (V) calculation is
based on an equivalent right circular cylinder, with radius defined as
0.5 � W and height defined as the length: V � � (0.5 � W)2 � L . Cir-
cularity (C) provides information about the pollen tube shape and is
calculated from the area and the perimeter (P):

.

The perimeter is the total boundary measure and is calculated from
four projections in the directions 0, 45, 90, and 135
 using Crofton’s
formula: P � � 0.25 � (P0 � P45 � P90 � P135).

Chloride Flux Measurements

An ion-selective vibrating electrode (Kühtreiber and Jaffe, 1990;
Kochian et al., 1992; Shipley and Feijó, 1999) was used to measure ex-
tracellular Cl� flux in pollen tubes. Electrodes were pulled from 1.5-mm
borosilicate glass capillaries (World Precision Instruments, Sarasota, FL)
with a Sutter P-98 Flaming Brown electrode puller (Sutter Instruments,
Novato, CA). These were then baked in covered dishes at 250
C for 8 to
12 h and vaporized with dimethyl dichlorosilane (Sigma) for 30 min, and
the covers were removed before further baking at 250
C for 1 h.

Electrodes were constructed as follows. The capillaries were back-
filled with a 15- to 20-�m column of 100 mM KCl and then front-
loaded with a 20- to 25-�m column of Cl�-selective liquid exchange
cocktail (number 24899; Fluka, Milwaukee, WI). An Ag/AgCl wire elec-

W A
L
---=

C 4πA

P2
-----------=

trode holder (World Precision Instruments) was inserted into the back
of the electrode and established electrical contact with the bathing
solution. A dry reference electrode (World Precision Instruments) was
inserted into the sample bath. Signals were measured with a custom-
built electrometer (Applicable Electronics, Forestdale, MA).

Electrode vibration and positioning were achieved with a stepper-
motor-driven three-dimensional positioner. Data acquisition, prelimi-
nary processing, control of the three-dimensional electrode posi-
tioner, and stepper-motor-controlled fine focus of the microscope
stage were performed with ASET software (Science Wares [East Fal-
mouth, MA] and Applicable Electronics). The self-referencing vibrat-
ing probe oscillates with an excursion distance of 10 �m. A typical
cycle was completed in 2.33 s; each cycle includes an adjustable
settling time after each move, one measuring period at each extreme
of the cycle, and the excursion time. The measurement taken nearest
to the cell is subtracted from the measurement taken at the opposite
end of the cycle. This subtraction represents the self-referencing fea-
ture of the probe.

Cl� flux at the surface of a pollen tube was measured by vibrating
the electrode tip within 5 �m of the tube. Background references
were taken at more than 1 mm from any pollen grain or tube, and the
values were subtracted from the microvolt differential recordings
during data processing using Microsoft Excel version 4.0. During the
initial stages of developing and optimizing methods for the measure-
ment of Cl� flux, the integrity of the liquid exchange cocktail was ex-
amined and found to have a dynamic response for Cl� that is �3 or-
ders of magnitude better than that for other anions tested. An anion
secreted by pollen tubes could affect the background recording
and lead to an overestimation of Cl� flux. This was controlled by
determining the levels of Cl� in pollen cultures at different times
after the start of germination using the Microquant assay kit from
Merck (Darmstadt, Germany). This assay is based on the reaction of
Cl� with mercuric thiocyanate in the presence of ferric iron to pro-
duce mercuric chloride and ferric thiocyanate. The final reaction
color is linearly dependent on the initial Cl� concentration. These re-
sults gave values of Cl� concentration that fell within an acceptable
range of the background recordings collected during the experi-
ments.

The vibrating-electrode system was attached to a Nikon Eclipse
TE-300 inverted microscope that was housed inside a copper-sheet
Faraday cage supported on a vibration-free platform. For routine ex-
periments, a �20 PlanApo objective under differential interference
contrast (DIC) was used. For growth correlations, most sequences
were obtained with a 60�1.4 PlanApo or a 100�1.3 PlanFluo objec-
tive, both oil immersion and under DIC optics.

Pharmacological studies and hypoosmotic treatments were per-
formed in the following way. A pretreatment efflux pattern was ascer-
tained for a minimum of 15 min. Data collection was halted, the Fara-
day cage was opened, and a predetermined volume of the agent of
interest was disbursed carefully to the culture medium. The Faraday
cage was closed, the electrode was repositioned next to the tip, and
data collection was resumed.

Inositol Polyphosphate Studies

Inositol 3,4,5,6-tetrakisphosphate [Ins(3,4,5,6)P4] and Ins(1,3,4,5,6)P5

were synthesized by Matreya Inc. (Pleasant Gap, PA) and obtained
through BioTrend Chemikalien (Köln, Germany). Ins(1,3,4,5)P4 was
from Sigma. Microinjection studies were performed as follows. A
semirigid substratum consisting of 5.5% (w/v) low-gelling-temperature
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agarose (type VII; Sigma) in germination medium was spread on the
surface of a microscope slide and allowed to gel before overlaying
with 400 �L of a 2 mg·mL�1 suspension of pollen in germination me-
dium. Pollen was allowed to germinate and grow in a humid chamber
for a minimum of 3 to 4 h and a maximum of 7 h.

Before beginning the experiments, excess medium was carefully re-
moved from the agarose slab. During the time that the slide was on the
microscope stage, germination medium was added periodically along
the edges of the agarose slab to keep the pollen tubes hydrated. Mi-
croinjection was performed on a Nikon Eclipse 600 upright micro-
scope with a 40�0.6 PlanApo extra-long-working-distance objective
and a Narashige 4-D hydraulic micropositioner and pressure injector
(Tokyo, Japan). Microinjection needles were pulled from 1.0-mm boro-
silicate glass capillaries (Warner Instrument, Hamden, CT) with a
Narashige PC-10 needle puller so that the tip diameter was �1 �m.

Needles were front-loaded with equal volumes of injectate solution
using the �40 objective. Inositol polyphosphates were suspended in
deionized H2O at a concentration of 100 �M for loading the needles.
Equal volumes of solutions were injected into all cells. Live images of
the cells were collected using the CCD camera. The growth rate was
tracked over time by measuring the boundary position of the apex
using the calibrated length measurement function of Lucia Image
Analysis version 3.5 (Laboratory Imaging).

For the determination of pollen tube growth rates after the extra-
cellular addition of Ins(3,4,5,6)P4, Ins(1,3,4,5)P4, Ins(1,3,4,5,6)P5, and
H2O, pollen was cultured as described for the measurement of phys-
ical features of the apical regions. Growth rates were measured as
described above, except that each rate was measured during a 1.5-
min interval and 20 tubes were analyzed within 45 min after the start
of treatment. Experiments were repeated twice, and the reported val-
ues were typical for both experiments.

Four considerations led to the design of experiments to test the ef-
fect of Ins(3,4,5,6)P4 on Cl� efflux. (1) Extracellular addition of
Ins(3,4,5,6)P4 was almost as effective as microinjection at inhibiting
pollen tube growth. (2) Extracellular addition of Ins(3,4,5,6)P4 rapidly
induced an increase in apical cell volume that was close to the mean
maximum volume limit established with the Cl� channel blocker
DIDS. (3) The affect of Ins(3,4,5,6)P4 was specific: neither Ins(1,3,4,
5)P4 nor Ins(1,3,4,5,6)P5 significantly affected growth rate or cell vol-
ume. The studies using Cl� blockers indicated that perturbation of
Cl� flux correlated closely with the perturbation of both growth rate
and cell volume. (4) The Cl� efflux signal was dissipated rapidly, and
oscillations were abolished by mechanical perturbation of the pollen
tubes. Because of these considerations, experiments to test the ef-
fect of Ins(3,4,5,6)P4 on Cl� efflux were performed with extracellular
addition of Ins(3,4,5,6)P4.

Correlation of Growth Rate Oscillations with Chloride Efflux 
Oscillations and Cytological Dynamics

For correlation of pollen tube growth rate and Cl� efflux (Figure 6), a
60�1.4 PlanApo or 100�1.3 PlanFluo oil-immersion objective was
used under DIC optics, and sequential time-stamped images were
captured using MetaMorph version 4.55 (Universal Imaging, West
Chester, PA) and a Micromax 5-MHz cooled CCD camera (Princeton
Instruments, Trenton, NJ) simultaneously with recording of Cl� flux.
The Cl� oscillation values were converted from microvolt differential
recordings (negative values) to absolute flux (positive values) to plot
correlations. The time-stamped images were processed using a sub-
pixel resolution pattern identification function to mark the boundary

of the apex in each image (Track Object routine in MetaMorph). The
boundary of the tube apex was defined further using a journal con-
secutively applying Fourier transformation (homomorphic 40%) and
edge detection. The images were stacked, and the coordinates of
each point were expressed as a velocity function of the point posi-
tion. Data were collected into a set and exported to Microsoft Excel 4.0
for further analysis. When appropriate, a time-shift-corrected floating
average was used (sampling 3 to 5 or 
13 data points). The growth
rate oscillations then were plotted with the Cl� efflux oscillations
chart using their common data points on the x axis (time).

For correlation of Cl� efflux oscillations with growth and cytologi-
cal dynamics (Figure 7), a 60�1.4 PlanApo or 100�1.3 PlanFluo oil-
immersion objective was used under DIC optics, and images were
captured at 1-s intervals using MetaMorph version 4.55 (Universal
Imaging) and a Micromax 5-MHz cooled CCD camera (Princeton In-
struments). Kinematic analysis was used to generate a kymogram
from a 30-pixel-width transect. The transects were aligned on a new
kymogram by normalizing the position of the cell wall boundary using
a custom-made journal to allow a side-by-side comparison of the
same relative area of the tube at sequential time points.

For correlation of cytological dynamics with growth (Figure 8), im-
ages were captured under data stream conditions at a rate of 0.21
s·image-1 using Lucia G Image Analysis version 4.5 (Laboratory Im-
aging), a Sony Power HAD 3CCD color video camera (Tokyo, Japan),
and a 60�1.2 U-PlanApo water-immersion objective with DIC optics.
Growth was measured at 5-s intervals by tracking the tip boundary
using the edge-detection function of Lucia and measuring from a set
reference point. Growth rates were calculated as moving averages
after sampling of three data points.

Upon request, all novel materials described in this article will be
made available in a timely manner for noncommercial research pur-
poses. No restrictions or conditions will be placed on the use of any
materials described in this article that would limit their use for non-
commercial research purposes.
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